Across a landscape, aquatic-terrestrial interfaces within and between ecosystems are hotspots of organic matter (OM) mineralization. These interfaces are characterized by sharp spatio-temporal changes in environmental conditions, which affect OM properties and thus control OM mineralization and other transformation processes. Consequently, the extent of OM movement at and across aquatic-terrestrial interfaces is crucial in determining OM turnover and carbon (C) cycling at the landscape scale. Here, we propose expanding current concepts in aquatic and terrestrial ecosystem sciences to comprehensively evaluate OM turnover at the landscape scale. We focus on three main concepts toward explaining OM turnover at the landscape scale: the landscape spatiotemporal context, OM turnover described by priming and ecological stoichiometry, and anthropogenic effects as a disruptor of natural OM transfer magnitudes and pathways. A conceptual framework is introduced that allows for discussing the disparities in spatial and temporal scales of OM transfer, changes in environmental conditions, ecosystem connectivity, and microbial-substrate interactions. The potential relevance of priming effects in both terrestrial and aquatic systems is addressed. For terrestrial systems, we hypothesize that the interplay between the influx of OM, its corresponding elemental composition, and the elemental demand of the microbial communities may alleviate spatial and metabolic thresholds. In comparison, substrate level OM dynamics may be substantially different in aquatic systems due to matrix effects that accentuate the role Landscape Organic Matter Turnover of abiotic conditions, substrate quality, and microbial community dynamics. We highlight the disproportionate impact anthropogenic activities can have on OM cycling across the landscape. This includes reversing natural OM flows through the landscape, disrupting ecosystem connectivity, and nutrient additions that cascade across the landscape. This knowledge is crucial for a better understanding of OM cycling in a landscape context, in particular since terrestrial and aquatic compartments may respond differently to the ongoing changes in climate, land use, and other anthropogenic interferences.
INTRODUCTION
Our mechanistic understanding of organic matter (OM) retention and turnover has undergone a profound paradigm shift as technological advances enable measurements and visualizations at ever smaller and at the same time larger scales. Many of these advances occurred in the fields of soil and dissolved OM chemistry as well as Earth observation science. The subsequent concepts and terminologies that have developed have been adapted in nearly all Earth Science disciplines. Conceptually, OM retention is now considered a matter of microbial access, which is governed by ecosystem properties including climate -in the case of permafrost -or organo-mineral and metal interactions, among other properties (Schmidt et al., 2011 ). Yet, controversy and often confusion remain as concepts supporting intrinsic chemical properties, such as "lability and recalcitrance" including refractory substances such as humic and fulvic acids have persisted in the literature and society presentations. We argue that this discussion is symptomatic of an emerging paradigm that, until now, has not adequately incorporated the multiple ideas and research avenues that served as a foundation of our past understanding. This process is predicted by adaptive management research (Holling, 2001) that anticipates a period of renewal in which resources or ideas are assembled in various often unsystematic ways to serve as the building blocks of something novel. This period of change is evident in the literature as OM retention and release has been addressed from different perspectives: at the ecosystem level (Schmidt et al., 2011) , the terrestrial-aquatic connectivity concept (Marin-Spiotta et al., 2014) , the priming frame work (Guenet et al., 2010; Bianchi, 2011) , and the linkage of carbon cycling across various spatial and temporal scales (Premke et al., 2016) . Thus, our goal is to present a novel framework of OM cycling that synthesizes many of these ideas, but primarily focuses on the flows of material and energy and their interactions across landscape properties and scales. We believe that such a framework is necessary in order to advance our current understanding of OM as the Earth's systems rapidly respond to unprecedented and rapidly increasing climate and anthropogenic impacts.
Climate and anthropogenic impacts cascade through the spatial and temporal scales that exist across the landscape and are made evident in OM changes, C transfer rates, changes to the environment. OM processing, or the landscape specific biotic and abiotic actions and properties that lead to OM turnover, is further modulated by component ecosystem properties, not the least of which is the composition of decomposer and microbial communities present in terrestrial, wetland or aquatic habitats. Thus, OM processing at the landscape scale can be understood as a function of the OM substrate and its pathway, or transit, across the landscape (Figure 1) . Consequently, predicting the extent and manifold consequences of global change on Earth systems as well as their feedbacks on global climate requires a better knowledge of OM and carbon (C) cycling not only in individual ecosystems, i.e., aquatic or terrestrial, but also at the larger landscape scale (e.g., Regnier et al., 2013; Reichstein et al., 2013 ).
An overwhelming determining factor of landscape scale OM turnover is the anthropogenic addition of external OM, removal of internal OM, and the restructuring of OM pathways (Figure 2 ). There is substantial evidence of this impact on nitrogen and carbon cycling at the global scale (De Vries et al., 2013) ; however, anthropogenic activities that change the structure and connectivity of landscape components, affecting interfaces and land use properties, can have major effects on the rate (reactivity and mobilization) of OM exchange and transformation as well as its pathways through the landscape. Therefore, anthropogenic impacts at different landscape spatiotemporal scales are a necessary addition toward understanding OM landscape dynamics. Yet, it has been greatly neglected in current concepts of OM cycling.
We focus on three main concepts toward explaining OM turnover at the landscape scale: the landscape spatiotemporal context, OM turnover described by priming and ecological stoichiometry, and anthropogenic effects as a disruptor of OM transfer, transformation rates, and pathways. We introduce a spatio-temporal model as a heuristic approach to integrate the many abiotic, biotic, and anthropogenic dimensions that describe OM transformations across the landscape.
DEFINING THE LANDSCAPE
Landscapes are spatially heterogeneous entities encompassing terrestrial and aquatic domains tightly connected by flows of OM, energy, and organisms across ecosystem boundaries (Loreau et al., 2003; Premke et al., 2016) . Analogous to the meta-population concept, this complex array of ecosystems has been expressed as a "meta-ecosystem" (Loreau et al., 2003) , in which both biotic and abiotic factors vary among entities including OM transformation processes acting at a wide range of temporal and spatial scales, e.g., from rapid OM mineralization to long-term C stabilization at micro-to landscape scales. OM pathways through different ecosystems capture the temporal scale across the landscape, characterized by ecosystem connectivity and element transit times. The landscape's mark on OM is a function of substrate, environmental conditions, nutrient and energy availability, and the biological metabolic requirements of heterotrophic organisms, many of which are strongly influenced by the 3D shape and topology of the landscape and its components.
Landscape-level OM turnover is thus not just determined by intrinsic properties of the OM per se or of individual ecosystems (i.e., landscape components), but also by variations in their spatial and temporal configuration and connectivity in the short-and long-term run. Marin-Spiotta et al. (2014) suggested that one of the primary differences between terrestrial and aquatic soils and sediments is the stability in structure and residence time of their solid matrix. Most terrestrial OM is cycled and mineralized internally (Gounand et al., 2018) , an observation that forms the basis of classical analysis of OM decomposition and cycling (Olson, 1963) ; however, we suggest OM moving across the landscape greatly contributes to the variability in OM turnover at a site. We further contend that an integrative view of the processes and linkages between terrestrial and aquatic ecosystems from the micro-up to the landscape scale is necessary; one that emphasizes spatiotemporal changes in OM bioavailability and OM turnover along fluctuating environmental gradients, serving as a mechanistic basis behind OM and C dynamics. By taking a landscape perspective, we can extend the understanding of OM processing and turnover by considering not only unidirectional flows but also multidirectional OM transformation processes, e.g., OM deposition on land after flooding, drying of small water bodies, reciprocal OM transport by organisms (e.g., Scharnweber et al., 2014a) or anthropogenic activities such as dredging river systems.
The role of individual ecosystems and their connectivity in landscape OM turnover still remains unclear. At certain time points OM processes may be in a steady state, meaning that OM production and consumption are balanced within a system. At times when new OM does not enter the system and environmental factors remain stable for extended time periods, OM decomposition may be the dominant flux (Hofmann and Griebler, 2018) , slow or even halt (Von Luetzow et al., 2006) . Accelerated OM decomposition, however, often occurs during fluctuations in environmental conditions, e.g., during OM transfer into another ecosystem (i.e., terrestrial to aquatic or vice versa) or change in saturation conditions within a year as with hydroperiod, which may result in changes of redoxconditions or light-induced effects, etc. Many ecosystems are highly dynamic in space and time and thus OM properties and microbial degradation constantly vary, e.g., differences in microbial availability of humic matter differ with redox state (Lovley et al., 1996; Kluepfel et al., 2014) . Given that OM turnover rates are rapid at transition zones where environmental changes are most pronounced (Krause et al., 2017) , OM mobility in and between ecosystems and thus ecosystem connectivity becomes a major factor determining microbial transformations. As such, the structure and diversity of landscape elements, i.e., meta-ecosystems, and changes to meta-ecosystem properties, can be crucial drivers of OM turnover at the landscape and even global scale.
SPATIO-TEMPORAL MODEL
To integrate the points discussed above, we suggest that a hierarchical spatio-temporal model of different landscape processes and properties is helpful toward conceptualizing OM dynamics at the larger, landscape and global scale ( Table 1) . Four levels describe the model structure.
(1) Non-steady state unidirectional flows: occur at the largest spatial scale and are events that transfer a large amount of OM over relatively short time periods. (2) Steady state uni-and bidirectional lateral transfers: relatively small periodic and diffuse transfers across aquatic and terrestrial domains and ecosystems and vice versa. (3) Ecosystem properties: changes in connectivity and interfaces between landscape components. Thereby, the previous scale focuses on the movement of OM, while the environment to which the OM is presented may shift the status of OM availability. Environmental properties such as redox conditions, heterotrophic (microbial) demand, and others may render OM more or less biologically available for decomposition. (4) Substrate properties: at the smallest spatial scale is the microbial processing of OM matter that occurs nearly continuously via microbial activities.
The landscape perspective is necessary to account for the spatio-temporal changes in relative conditions the OM arrives for microbial processing, as transfers from different scales will impact the role of priming and ecological stoichiometry occurring at the substrate level. In the following sections, we discuss each spatio-temporal level and provide examples of different landscape processes within the context of current ecological and biogeochemical theory. We hypothesize that the impacts of higher-level landscape transfers and rate-controlling environmental conditions need to be accounted for to fully understand OM turnover -also at the substrate level. We conclude with hypotheses to test the concepts we outline.
Non-steady State Disturbance and Unidirectional Transfers
Mass and energy generally flow downhill (Lindeman, 1942; Gounand et al., 2018) , the flow rates across landscapes, however, might differ. Events that occur within a landscape that transport large amounts of material in a relatively short period of time have important implications for OM processing. These events are disturbances that occur over a large spatial extent and fall within a regular temporal frequency in which the reoccurrence of large-magnitude events is rare. For example, an ecosystem with seasonal flooding may develop riparian areas that retain fluvially transported OM, yet these Substrate properties Processes that occur at a small spatial scale with relatively high frequency. Ultimately controlled by microbiological processing and substrate elemental content. Priming and ecological stoichiometry are the major proposed mechanisms of organic matter turnover at this level
The different levels are presented from the largest spatial and infrequent events (unidirectional flows) to the smallest spatial scale and most frequent events (also bidirectional flows).
areas may be overwhelmed with a 100-year return interval flooding event. The thresholds of quasi-steady-state material flow may also be breached by events occurring in tandem such as large precipitation events following a severe wildfire. Landslides, erosion, and leaching are other events that are unidirectional transfers but they may proceed at a slower transfer rate. Depending on the magnitude of the event, the OM transported across the landscape has the potential to bypass what might be considered points of steady state processing, such as the riparian areas referenced in the previous example. In these cases, aquatic systems may receive relatively young terrestrial inputs that have not been pre-processed by resident terrestrial microbial communities presenting potential elemental and enzymatic limitations (Veen et al., 2015) or result in a feedback loop altering existing aquatic carbon cycling as shown for a sudden lake brownification event (Brothers et al., 2014) . Larger events might effectively and massively remove OM through burial or through transport out of the landscape boundaries.
Lateral and Bidirectional Transfers of OM
Transfers of OM are well recognized as important processes in landscape ecology that are facilitated by abiotic and biotic vectors (Wiens et al., 1985) . Actions of abiotic vectors include windfall, leaching, and currents, while biotic vectors may include migration, foraging, and life-cycle patterns. In the case of carbon (C), these transfers are estimated to range between 10 −3 and 10 5 gC m −2 globally (Gounand et al., 2018) . A global metaanalysis of C transfers shows that highly productive ecosystems, primarily terrestrial systems, contribute to cross ecosystem transfers, although anthropogenic transfers were not accounted for (Gounand et al., 2018) . Transfers across landscapes also vary in their elemental composition that may disproportionately impact the recipient ecosystem (Bartels et al., 2012) . For example, the carbon, nitrogen, and phosphorus stoichiometry of detrital versus organism-derived OM can vary widely and can increase or decrease the elemental ratios of both the recipient organism and the ecosystem the material is transferred to Sitters et al. (2015) . How these transfers impact OM turnover and nutrient biogeochemistry at the landscape scale, is not well known, although the aquatic-terrestrial exchanges are hypothesized to be important drivers. The classical view of OM transport is unidirectional from vegetation to soil (Pausch and Kuzyakov, 2018) , groundwater, or humans into surface water bodies (Carpenter et al., 1998 (Carpenter et al., , 2005 Smith and Schindler, 2009; Premke et al., 2010; Mehner et al., 2018) . This view is supported by the fact that much of the OM in waters carry a terrestrial signature (Bianchi et al., 2002; Bianchi, 2011) , although the use of terrestrial OM in aquatic food webs strongly depends on aquatic productivity (Mehner et al., 2016) . However, so far a greatly neglected mechanism is active biological transport, e.g., aquatic insects (Reinhardt et al., 2013; Scharnweber et al., 2014b) , fish/bear, birds (Bartels et al., 2012) and increasingly humans moving substantial amounts of OM, energy, and particularly nutrients from water to land (Hoekman et al., 2012; Dreyer et al., 2015) . This may provide important carbon, energy, and nutrient sources for terrestrial ecosystems (Gratton et al., 2008; Vander Zanden and Gratton, 2011; Dreyer et al., 2015) . The ecological relevance of OM transport across ecosystem borders has been highlighted by rapid microbial mineralization of old, terrestrial OM when channeled into aquatic ecosystems (McCallister and Del Giorgio, 2012) .
Ecosystem Properties: Changes in Connectivity and Interfaces Between Landscape Components
The connectivity of ecosystems and structures across a landscape is paramount to OM processing (Covino, 2017) . Hydrologic connectivity is multidimensional spatially (µm to km) and temporally (seconds to decades) and facilitates many of the transfers described at the larger scales. As an ecosystem property, the degree to which and how an individual ecosystem is connected will have large implications for OM turnover.
Bidirectional processes can greatly alter OM transformation and turnover by frequent changes in environmental conditions which then set the framework for further OM processing (Premke et al., 2016) . The transition from one environment to another during OM movement across ecosystem boundaries greatly determines the environmental settings for OM degradation; not only due to changes in the availability of OM and nutrients, but also due to abrupt changes or gradients in many environmental features controlling microbial and decomposer community composition and their related activities. These conditions may emerge when ecosystems overlap forming zones of transition, ecotones, or areas that are different from the parent ecosystems in physical, chemical, and biotic characteristics. Many examples can be drawn from across the landscape, including areas between forests, grassland, or agricultural systems to structures such as hedgerows or other fragmented landscape structures. However, the starkest transitions occur between aquatic and terrestrial ecosystems.
Aquatic-terrestrial and ecohydrological interfaces (e.g., littoral zones, sediments, water-atmosphere, inorganic and organic particles) are hotspots of OM transfer in the landscape (McClain et al., 2003) . The increase in microbial activity is generally attributed to steep gradients in physico-chemical and biological characteristics that underlie the linkages between terrestrial and aquatic processes including photo-oxidation, redox fluctuations, and surface/matrix-effects. Furthermore, as OM moves from the terrestrial to the aquatic domain and vice versa (Scharnweber et al., 2014b) , availability of suitable electron acceptors (e.g., O 2 , NO − 3 , SO 2− 4 ) and light can change dramatically, greatly affecting chemical and microbial OM transformations and hence OM persistence. The impact of a fluctuating environment affects not only material transported across ecosystem boundaries but also resident OM that might encounter a shift in conditions periodically over a year. Thus, the extent of environmental gradients and the different ecosystem properties that create these gradients (e.g., hydroperiod) within the landscape will contribute to OM turnover independent of substrate composition per se.
Substrate Level and Mechanisms of OM Turnover: Priming and Ecological Stoichiometry
The persistence of specific OM fractions, despite their potential as energy sources, is a phenomenon shared by both aquatic and terrestrial ecosystems. Recent studies point to the fact that OM persistence is an emergent system property within the context of physical, biological, and climatic ecosystem characteristics, rather than the inherent OM chemical composition or structure (Schmidt et al., 2011; Ahrens et al., 2015) . This is consistent with the rubric presented in Table 1 , in which OM turnover is a product of its source, age, and time in transit, as well as its environment, including gradients or transitions in electron donors, pH, or solubility. OM turnover, presented at the smallest scale in the hierarchy, is ongoing at nearly all points within the landscape afforded with substrate and microbial communities; yet, the range of OM turnover rates within an ecosystem varies widely due to the OM pathway through the landscape. Ultimately, the bottleneck of OM turnover lies in microbial functioning, requiring a review of mechanisms controlling microbial activity in both aquatic and terrestrial systems.
Priming and ecological stoichiometry are two concepts commonly used to explain alterations in the stability and degradation of OM in soils, sediments, and open water. Priming refers to the phenomenon that relates the interdependency of turnover of different OM pools (i.e., accessible versus inaccessible), with assumed contrasting microbial availability at given environmental conditions, resulting in retention of one pool and release of another (Kuzyakov et al., 2000; Guenet et al., 2010; Bianchi, 2011; Huo et al., 2017) . Priming effects have also been described for aquatic ecosystems (Guenet et al., 2010; Bianchi, 2011) , although their importance in those environments is still a matter of debate (Bengtsson et al., 2018) since evidence for priming in aquatic environments: has been limited to a few experiments with often little defined microbial sources and environmental settings (Kuehn et al., 2014; Ward et al., 2016) , was circumstantial (Kankaala et al., 2013; Guillemette et al., 2016; Fabian et al., 2017) , or was absent (van Nugteren et al., 2009; Bengtsson et al., 2014; Catalan et al., 2015; Hofmann and Griebler, 2018) .
Ecological stoichiometry is the maintenance of the elemental ratio (C, N, and P) of (micro)organisms that is controlled by quality and quantity of available substrate for metabolism (Elser et al., 2007) and is also a mechanism for OM transformation applied in aquatic and terrestrial research (Glibert, 2012; Zechmeister-Boltenstern et al., 2015) . At low substrate concentrations, organic carbon is primarily used in catabolic reactions providing energy to the cell but resulting in low bacterial growth efficiency (Russell and Cook, 1995) and low substrate quality (more oxidized substrate) will result in low bacterial growth efficiency (Vallino et al., 1996; Hertkorn et al., 2002; Eiler et al., 2003; Nebbioso and Piccolo, 2013) . The results of (1) an increase in respiration rates at the expense of (microbial) biomass production under nutrient limitation (Manzoni et al., 2012) , and (2) a mismatch in stoichiometry between bioavailable OM and organismic biomass may account for variations in OM degradation and transformation across landscape compartments leading to pronounced differences in OM elemental composition (Sardans et al., 2012) .
Priming and ecological stoichiometry are not mutually exclusive but rather complementary to each other (Chen et al., 2014) and seldom are they considered in connection with each other. We suggest that the negative or positive priming effects induced by the addition of OM, is related to mechanisms of microbial growth and stoichiometry for specific microbial source communities and environmental settings. Based on the suggestions of Blagodatskaya and Kuzyakov (2008) , we propose two hypotheses responsible for the priming effect (Figure 3) that are in agreement with the concept put forward by Schmidt et al. (2011) .
H1 A Change in stoichiometry as a result of carbon addition.
As soil microbes are often carbon limited (Demoling et al., 2007) , addition of a carbon source should remove this limitation and in turn other nutrients such as nitrogen might become limiting (Dijkstra et al., 2017; Chen et al., 2019) . As soil OM might contain these now limiting substances it will be degraded, N will be incorporated into the microbial biomass, and additional carbon from this source will be mineralized. Nutrient limitations, such as nitrogen, decrease microbial carbonuse-efficiency potentially leading to soil OM destabilization (Manzoni et al., 2012) .
H2
An increase in microbial biomass due to the removal of carbon limitation.
The soil volume occupied by microorganisms is assumed to be less than 1% (Ekschmitt et al., 2008; Schmidt et al., 2011) and thus an increase in biomass could constitute a first trigger to greater spatial exploitation of soil OM, partially counteracting the spatial disconnect between soil carbon and decomposing microbes (Powlson et al., 2001) . New technological advances in imaging mass spectrometry (Watrous and Dorrestein, 2011 ) allow for direct visualization or location specific assessment of biological and chemical changes within OM particles. For example, nanoscale secondary ionization mass spectrometry (NanoSIMS) as well as Raman microscopy can provide a location specific assessment of microbial processing on individual soil or sediment particles (Remusat et al., 2012; Mueller et al., 2013) . Similarly matrix assisted laser desorption/ionization coupled to different mass detectors can provide high spatial resolution of metabolic shifts within the rhizosphere (Veličković and Anderton, 2017) .
Because of the different matrices of soil and the water column (Marin-Spiotta et al., 2014), the discussion above focused on OM dynamics in soil. For example, mechanisms may be water column dependent. In littoral sediments, where light is available, heterotrophic microorganisms co-occur with algae resulting in a close link of phototrophic and heterotrophic processes and a large mass transfer of OM (Grossart et al., 2006; Kirchman, 2018) . Thus, there is an on-going discussion of possible OM turnover mechanisms (M1 and M2 in Figure 3 ) in aquatic systems that are based on chemical properties of substrate and microbial demand, gross primary production, and community composition. Several studies suggest that exudates of photosynthetic metabolites stimulate, in a sense prime, the degradation of terrestrial OM (Danger et al., 2013; Kuehn et al., 2014) . While, experiments that introduced refractory terrestrial particulate OM have found support for enhanced microbial activity (e.g., Halvorson et al., 2016; Ward et al., 2016) and against it (e.g., Attermeyer et al., 2013) . Differences in chemical composition may also contribute to OM turnover at the substrate level. Photosynthetic exudates consist primarily of simple carbohydrates and amino acids and thus represent a readily available and rapidly metabolized source of energy and nutrients to the heterotrophic community (Espeland et al., 2001; Kuehn et al., 2014) . Similarly, there is recent evidence of algal exudates stimulating terrestrial OM turnover as a result of functional shifts towards a greater contribution of bacteria, especially Bacteroidetes and Actinobacteria, along with in a shift in substrates from leaf to algal C by Proteobacteria (J. Fabian, pers. comm.). However, observed differences among bacterial groups are likely related to their distinct contribution to terrestrial OM decomposition, which depends on their catabolic capabilities.
CONCEPTUAL LIMITATIONS OF PRIMING AND ECOLOGICAL STOICHIOMETRY
At the substrate level, OM decomposition is predominantly driven by microbial processes and is potentially limited by the availability of terminal electron acceptors, energy supply as well as availability and ratio of essential nutrients and elements. In aquatic systems, for example, it has been shown that organic carbon accumulates when N and P are limiting (Thingstad et al., 2008) . However, neither priming nor environmental stoichiometry accounts for the fact that OM degradation, even of relatively bioavailable OM in the presence of sufficient nutrients, can be limited by the availability of suitable electron acceptors (Emerson and Hedges, 2003) . Moreover, OM turnover rates can be greatly affected by changes in specific environmental features, which are neither included in the concept of priming nor ecological stoichiometry. For example, microbial OM transformations may well be controlled by the presence of light and subsequent photooxidation processes in surface waters, or sorption of OM and nutrients to surfaces in soils and subsurface sediments. Neither priming nor ecological stoichiometry can fully explain current observations of OM transformation without accounting for processes and events that occur at a larger spatiotemporal scale.
H3 Intrinsic chemical recalcitrance remains a mechanism of organic matter retention.
Arguments for intrinsic recalcitrance may still exist for conditions where OM is present and the environment is static and transport potential is low (e.g., the deep water layers of permanently stratified or meromictic lakes); yet OM persists despite its availability for microbes. For instance, Kellerman et al. (2015) concluded that intrinsic molecular interactions explain recalcitrance in aquatic systems. Similarly, studies on humic substances in soils argue for chemical recalcitrance as an important mechanism of OM retention (Schnitzer and Monreal, 2011; Ghabbour et al., 2017) . In this context, our understanding that some natural organic molecules can resist FIGURE 1 | Organic matter pathways across a landscape with natural structures. Different flows across the landscape are depicted along with frequency histograms of turnover. The colors within the histograms refer to the relative spatio-temporal impacts on turnover (see Table 1 and Figure 4) . Insets (A-C) highlight the impact of transitions between different ecosystems and how the turnover rates change as OM is transferred from one to another.
microbial decomposition because of their specific molecular properties forms the basis of the biogeochemical paradigm of intrinsic recalcitrance. Additional studies are needed to clarify the molecular make-up of OM that persists due to this mechanism as well as to explain the metabolic obstacles of these compounds to microbial breakdown at specific environmental conditions.
EXPANDING CURRENT CONCEPTS TO EVALUATE OM TURNOVER AT THE LANDSCAPE SCALE
We can infer from the discussion above that OM properties within the landscape are described by two dominant properties that capture OM turnover potential: the substrate potential for microbial processing and the environment the OM is exposed to Figure 4 . Within this construct we can conceptualize how the aforementioned landscape properties can impact the status of OM availability as a function of its pathway across the landscape. In general, we expect processing rates to be largest at the substrate scale and the largest impact on the environment to arise from the largest disturbance or unidirectional flow. The maximum rates are constrained by the physical landscape, such as lithology or geomorphology, in the case of processing rates, and disturbance regime in the case of impacts on the local environment. The response trajectory following these constraints are determined by different landscape properties and processes, summarized in the table embedded in Figure 4 , and discussed in detail below.
Non-steady State Unidirectional Flows and Disturbances
Impact on the immediate processing of OM is expected to be low and not vary turnover rates beyond physical or chemical transformation capacities. For example, a landslide might physically break up aggregates or a wildfire will oxidize OM, chemically transforming what remains. Additionally, given a high unidirectional flow of material the impact on processing could be large since OM is anticipated to have bypassed many of the pre-processing that occurs within a resident ecosystem. The impact of non-steady-state unidirectional flows and disturbances on the environmental control of OM transformation is expected to be very large, including potentially changing the light regimes resulting in growth release, or shifting climate that leads to the melting of permafrost and the release of previously climate stabilized OM. Anthropogenic inputs resulting from dredging or irrigation also play a role that presents a reverse flow that may destabilize OM cycling (Van Cappellen and Maavara, 2016) .
Semi-State Bidirectional and Lateral Transfers
This level is distinguished from the higher level by the assumption that the decomposer community anticipates or has evolved to expect the chemical and physical characteristics of the substrate transferred. The processing rates may increase or decrease with elemental composition of the OM transferred depending on the microbial community composition and status. The transfer magnitude is productivity dependent, demonstrated FIGURE 2 | Organic matter pathways across a landscape with anthropogenic structures. Different flows across the landscape are depicted along with frequency histograms of OM turnover. The colors within the histograms refer to the different spatio-temporal impact on turnover (see Table 1 and Figure 4) . Insets (A-C) highlight the impact of flow reversals and structural changes on OM turnover.
previously by the transfer of C from highly productive terrestrial ecosystems to relatively low productive aquatic systems. Different species traits will also impact these transfers as well, such as native versus exotic species, migration distance, or traits that feedback to higher spatio-temporal level, such as shifting a disturbance regime. While transfers will not directly impact the environment, indirect cases may exist, for example, management activities might introduce concentrated grazing to a landscape the impact of which may cause interrupted hydrologic flow paths or changes in vegetation status.
Ecosystem Properties
Landscapes characterized by transition zones, distinct hydroperiods or hydrologic regimes that feature punctuated events such as overland flow can accelerate OM turnover. Ecosystem connectivity facilitates OM imports and exports and nutrient exchange in the critical zone, hyporheic zone, and between the surface and groundwater (Julian et al., 2016; Covino, 2017) . The number and variation of these features within the landscape will dictate the overall impact on OM processing. Ecosystem properties dictate the immediate environment (i.e., temperature, light or moisture) OM is exposed to, thus having an important impact on OM turnover. Biota can potentially impact the environmental conditions by shading, root penetration, or evaporative cooling. In aquatic systems, primary producers can significantly affect light penetration and oxygen supply (e.g., Brothers et al., 2014) .
Substrate Level
Priming accounts for the influx quantity or transfer of OM to a site while ecological stoichiometry unites the substrate composition to the microbial demand. Thus, how OM travels across the landscape spatio-temporal continuum and how the chemical status changes during its transit influences the potential for OM turnover. For example, OM that has been exposed to a suite of environmental conditions and microbial communities as it travels through a landscape will be conditioned for further processing very differently than OM with a much faster transit. Given the small scale of substrate, we expect minimal impact of substrate on the environment, although OM content within soils is known to impact decomposition through moisture holding capacity, pH, and nutrient retention. Benthic algae, fungi and bacteria contained within biofilms can affect particle deposition and transport (Dodds and Biggs, 2002;  FIGURE 3 | Conceptual schematic of organic matter (OM) decomposition through the landscape at the substrate level including different mechanisms (A), and temporal and spatial hotspots such as extreme weather and strong biogeochemical gradients along interfaces (B). In panel (A) OM decomposition is depicted under constant environmental conditions (linear response). Different mechanisms (M1, M2) and factors (e.g., influx of material, stoichiometry, heterotrophic demand, electron availability, energy, redox changes, light etc.) have the potential to either increase or decrease OM decomposition rate. Thus, the priming effect (PE) can appear as either positive or negative. In the case where OM moves between different landscape compounds (aquatic/terrestrial), mechanisms and time scale determine OM fate and hence microbial transformation (B). Environmental changes at transition zones and specific temporal events (e.g., thunderstorm, flooding) or anthropogenic impacts into account will affect the fate of OM, for example, sediment burial will greatly reduce OM processing. Salant, 2011; Wilkes et al., 2018) and have been suggested to have interactive effects that can influence channel morphology (Atkinson et al., 2018) . Particulate OM presents important interfaces where microbial transformation of OM is increased by increased nutrient availability and often intense interactions at the microscale (e.g., Grossart, 2010) .
H4
Pathways through the landscape will be imprinted on OM molecular composition.
In the terrestrial domain, OM and matrix characteristics are used to understand the sources of OM, the means of transport (e.g., baseline versus event flow in the case of sediments), and the age of the material. OM chemical characteristics are regularly achieved through stable isotope methods, fallout radionuclides, and elemental composition to identify sources of material transported by erosion (Laceby et al., 2017) . Particle size, distribution, and mineral-metal composition can provide complementary information regarding transport velocities, weathering, and hydrologic conditions (e.g., exposure to fluctuating redox conditions). In addition to fingerprint methods, direct measurements OM age, through radiocarbon measurements (Marwick et al., 2015) or metabolic availability indicated by O/C content versus H/C content (Kim et al., 2003; Williams et al., 2018) can be achieved. When the OM chemical composition and matrix properties are used in combination then a composite picture is assembled similar to the turnover frequency histograms depicted in Figures 1, 2 . Similarly, dissolved chemical mixtures from watershed draining streams and potentially waterbodies within a watershed are hypothesized to capture element sources, changes in land-use, and the impact of anthropogenic changes within a watershed (Kaushal et al., 2018) .
In addition to empirical estimates of OM turnover and the spatio-temporal elements that influence these, modeling of landscapes and watersheds can provide estimates at the systems level and simultaneously point to areas of uncertainty. Probabilistic modeling of elemental transit time and age have been shown to diverge strongly due to the complex flow paths of atoms through interconnected pools across a landscape (Metzler et al., 2018) . Mechanistic modeling of stream channels have provided insight into the complexity of hydrologic exchanges with the terrestrial-aquatic interface (Dwivedi et al., 2018) or with changes in stage flow due to dam regulation (Song et al., 2018) . The combination of empirical and analytic approaches will help in constraining the age, turnover, and transit of OM through a landscape.
Open Questions
The conceptual model we present is not comprehensive in explaining the different spatio-temporal levels impact on processing and the environmental conditions leaving several open questions. In Figure 4 , we suggest that the bar width of each spatio-temporal level conveys the impact potential of each level on the OM processing potential and environmental control responses. For example, a landscape with fewer transition zones or experiencing an infrequency of large disturbance events may be smaller (length along the x-axis) than what is depicted in the graph, which then corresponds to a smaller impact on both response curves. The model allows for synergy between levels, illustrated by overlap of the different levels, shorter overlaps may indicate a younger landscape while a larger degree of overlap indicates transitions that may have come to steady state or possible legacy effects developed from previous disturbances or land-use. Furthermore, the model does not concisely represent feedbacks between different levels, for example, the breakdown of substrate from a particulate to soluble phase, which then affects transfer rates. It is likely that most attempts to compartmentalize a continuous process will be fraught with inaccuracies, but such models help constrain the large number of dimensions involved in understanding OM turnover at the landscape scale.
ANTHROPOGENIC EFFECTS ON OM CYCLING WITHIN THE LANDSCAPE
Current global changes in conjunction with increasing anthropogenic activities (i.e., global climate change and land use practices) have an enormous effect on OM transformation in a landscape leading to new steady states or even a destabilization of OM cycling. Anthropogenic activities, such as agriculture, have the potential to greatly exacerbate carbon inputs to inland waters with major environmental consequences (Carpenter et al., 1998) . The increase of nitrogen inputs into terrestrial systems cascade through the landscapes resulting in not only eutrophication downstream but also the acceleration of carbon and phosphorus cycling (Gruber and Galloway, 2008) . Unidirectional flows from upland and urban ecosystems also have indirect effects including toxins released downstream affecting decomposer communities and the environment (Schulz et al., 2015) .
Many of the transfers previously discussed stem from what might be called natural or management independent events, but anthropogenic activities have the potential to reciprocate the transfer of OM. Although anthropogenic activities have greatly increased the flux of OM from terrestrial to aquatic ecosystems via increasing erosion, recent anthropogenic activities also increase result in an accelerated return of "aquatic" OM (e.g., dams, dredging ditches, flooding, irrigation) or decrease (e.g., channelization of rivers) the backflow of OM from aquatic to terrestrial ecosystems. For example, dredging and sediment removal for port development and maintenance increase OM fluxes (Eyre et al., 1998) . In addition, the anthropogenically increased backflow of dissolved and particulate OM from aquatic to soil ecosystems via irrigation (Schmitter et al., 2012) the major anthropogenic water consumption, has yet to be robustly quantified. Furthermore, increasing the simultaneous backflow of OM and nutrients from aquatic to terrestrial systems presumably intensifies microbial activities and hence OM cycling in the landscape.
Anthropogenic effects on OM cycling also occur on the level of connectivity between landscape components. Draining of wetlands and regulation of fluvial ecosystems are examples for activities that decrease the residence time of water and thus the wetness of the terrestrial-aquatic interfaces. The wetness of the landscape is strongly linked to the potential to mobilize matter from soils to aquatic systems (Musolff et al., 2018) . Channelization of streams and rivers disconnects the aquatic and terrestrial ecosystems in the landscape, reducing nutrients and OM inputs, and altering soil moisture and temperature regimes. In addition, the sharply increasing number of recently built and projected dams has huge implications (Zarfl et al., 2015) , but little recognized impacts on OM flows. Furthermore, channelization, damming, and other landscape modifications lead to the simplification of the landscape, disrupting water and OM flow that have substantial feedbacks to biota, the environment, and OM turnover (Peipoch et al., 2015) . Thus, OM flow across the landscape is increasingly determined by anthropogenic activities and greatly changes spatio-temporal patterns of OM transformation across landscape boundaries.
Finally, both priming and nutrient-to-carbon stoichiometry are heavily affected by human alterations. Nutrient levels are strongly elevated above natural background levels with different trajectories for N and P loading over the last decades (Dupas et al., 2018) . Concentrations of organic carbon and thus the potential for priming can strongly increase either by sewage import or by eutrophication due to enhanced nutrient concentrations and corresponding exudation of labile organic carbon.
Anthropogenic Effects Are Already in Place, but Their Impacts Have Not Been Adequately Quantified
As Figure 2 illustrates, anthropogenic changes have the potential to cause large shifts in OM turnover by altering landscape structures and OM flow paths. Many of the impacts have been recognized, but robust evaluations are lacking for most. Assessment of in situ OM (i.e., natural OM) will most likely be similar to the techniques described previously. In the case of OM flow reversals, it is expected that a unique chemical signature will be left on the remaining OM, likewise with OM transfers (e.g., OM input from grazing animals). Anthropogenic imprints may be readily apparent, particularly when derivative structures are present that indicate synthetic chemicals in the form of microplastics (Strungaru et al., 2018) , pharmaceuticals, pesticides, and herbicides (Kaushal et al., 2018) . Already, these forms, such as plastics, are found in microaggregates (De Souza Machado et al., 2018) and pharmaceuticals and other watersoluble chemicals can be traced through watersheds (Kaushal et al., 2018) . The dichotomy presented between Figures 1, 2 , may already be superfluous as anthropogenic changes have altered global conditions through reactive nitrogen additions accelerating global cycles (Gruber and Galloway, 2008) or through CO 2 fertilization changing biomass C:N ratios and subsequent OM decomposition rates (Fernández-Martínez et al., 2014) , among others.
CONCLUSION
To fully appreciate OM turnover at the landscape scale, one needs to be a traveler following a path in two worlds, one world describes the elemental and microbial relationships involved in OM processing and the other the environmental conditions the OM is placed in. In effect, OM carries a legacy of its path across the landscape that ultimately reveals its turnover potential. OM age and transit times are a powerful means to accomplish this (Spohn and Sierra, 2018) , but age does not convey the scars, bumps, and bruises the OM has accumulated along the way, and should also include the degree of processing, measured isotopically or spectroscopically, to tell its story. In other words, the question is: what are the state variables to fully describe the transient behavior of OM? As we suggest, the synthesis of priming and ecological stoichiometry may be one strategy to take this into consideration. Finally, the role humans have on directions of OM flows through the landscape cannot be ignored. The impact goes beyond reversing the traditional paradigm of mass flow from terrestrial to aquatic environments, but now includes restructuring OM pathways and processes, destabilizing mechanisms built over centuries, and greatly altering global OM cycling. Our spatio-temporal hierarchical model helps in specifying the human alterations of OM cycling on different levels in the landscape. Going forward, integrative approaches are needed to assess the landscape properties that alter OM transfers, environmental conditions, and substrate properties to achieve a better understanding of the universal mechanisms underlying OM cycling.
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